Balance-recovery reactions that involve rapid step or reach-to-grasp movements are 2 prevalent and functionally important responses to instability. Successful use of these reactions to 3 recover balance in daily life requires a capacity to modulate the reaction to deal with the continual 4 variation in environmental constraints that occurs as the person moves, i.e. location of objects 5 that can obstruct limb movements or serve as handholds to grasp. The most direct approach to 6 study this involves applying balance perturbations as subjects move within a visually-complex 7 environment; however, this approach does not allow precise control over kinematic variables or 8 visual inputs, and is susceptible to strong learning effects. We have therefore developed an 9 alternate approach, wherein the subject is stationary and the relative motion between subject and 10 constraints that normally occurs as a result of ambulation is instead introduced via movement of 11 surrounding obstacles or handholds. We previously developed a motor-driven "obstacle-mover" 12 to manipulate constraints on step reactions, and now describe an analogous approach to study 13 reach-to-grasp reactions, using a motor-driven "handhold-mover". We anticipate that this 14 paradigm will provide new opportunities to probe CNS control of upright stance, by providing a 15 sensitive indicator of limitations in the neuromusculoskeletal systems. It can also be used to test 16 perturbation-evoked reactions in seated subjects, thereby allowing testing or training of persons 17 who are unable to stand and use of techniques (e.g. TMS, EEG) that can be difficult to perform in 18 free-standing subjects.
INTRODUCTION 1
Balance-recovery reactions that alter the base-of-support, via rapid step or reach-to-grasp 2 limb movements, play a crucial role in preventing falls [1] . However, successful use of these 3 "change-in-support" reactions, in daily life, is likely to depend heavily on the ability to modulate the 4 reaction to deal with the continual variation in environmental constraints that occurs as the person 5 moves, i.e. location of objects that can obstruct limb movements or serve as handholds to grasp. 6 There is a need to understand how the central nervous system (CNS) acquires the visuospatial 7 information needed to guide step and reach-to-grasp reactions amid changing environmental 8 constraints; however, research in this area has been hampered by methodological difficulties. 9
METHODOLOGICAL ISSUES 10
The most direct approach is to apply a balance perturbation as the subject moves within 11 the environment, and record the gaze behaviour that occurs before and after perturbation-onset 12 (PO). For example, a large motion-platform can be used to apply the perturbation, while providing 13 a visually-complex "real-life" environment with constraints on foot placement (clutter on floor, 14 stairs, etc.) as well as potential handholds to grasp (handrails, furniture, etc.) [2, 3] . While this 15 approach can provide invaluable information regarding natural behaviour, there are a number of 16 practical limitations: 1) variation in gait precludes precise control over the position and motion of 17 the body, in relation to the constraints, at PO; 2) this variation also precludes precise control of 18 central and peripheral visual inputs; 3) subjects are likely to learn proactive strategies after a small 19 number of trials (e.g. grasp handholds prior to PO). The latter limitation may be prohibitive in 20 studies requiring multiple within-subject assessments, e.g. before and after balance training. 21
To avoid these methodological problems, we have developed an alternate approach to 22 introduce spatio-temporal variation in environmental constraints prior to PO. Here, the subject is 23 stationary and the relative motion between subject and constraints that normally occurs as a 24 result of ambulation is instead introduced via movement of surrounding obstacles or handholds.
Previously, we developed a motor-driven system to manipulate constraints on step reactions by 1 varying the location of obstacles surrounding the subject [4] . We now describe an analogous 2 approach to study reach-to-grasp reactions, using a motor-driven "handhold-mover" (HHM). The 3 HHM can be used to reposition the handhold before PO or after PO (e.g. during the reaching 4 phase of the reaction). 5
Ability to study reach-to-grasp reactions is important for several reasons. Because these 6 reactions are functionally important in preventing falls, clinicians need to understand effects of 7 aging, injury and disease [1] . Studying reach-to-grasp reactions also presents unique 8 opportunities to probe CNS control of balance. Such reactions are likely to be one of the most 9 challenging aspects of balance control, particularly when graspable objects are restricted in size 10 or location, or the opportunity to view them is limited. Thus, testing these reactions can provide a 11 sensitive indicator of limitations in the neuromusculoskeletal systems. This also provides 12 opportunities to assess CNS control of balance in seated subjects [5] . It then becomes possible 13 to test or train patients who are unable to stand (e.g. stroke), control confounding factors (e.g. fear 14 of falling) and use techniques (e.g. TMS, EEG) that can be difficult to perform in free-standing 15 subjects [2] . 16
DESCRIPTION OF THE HANDHOLD MOVER 17
Our HHM (Figure 1 ; Table 1 ) is mounted on a motion-platform, but can be used with any 18 type of balance-perturbation system. A linear-actuator (ball screw and stepper motor) provides 19 accurate control of the handhold motion and end-point locations. The range of motion (800mm) 20 was selected to allow the handhold to move close to the subject when fully-deployed and out of 21 grasping range when fully-retracted. Structural components were designed to withstand the 22 substantial loading that can occur when using a handrail (up to 60% of bodyweight [6] ). 23
Ball-bushing rails are used to withstand orthogonal loads, and a brake prevents the motor from 24 being "back-driven" by axial loads. Potential auditory or vibration cues (transmitted through thefloor) are minimized by using gradual acceleration/deceleration profiles. Auditory cues can also 1 be masked by playing pre-recorded HHM sounds through headphones. A safety harness 2 restrains subjects from moving into the handhold path-of-motion, and an "interlock" shuts down 3 the HHM if motion-platform force-plates indicate that someone may be standing in its path (Figure  4 2). 5
AN EXAMPLE PROTOCOL 6
To investigate the extent to which peripheral vision can be used to guide balance-recovery 7 reactions, we have programmed the HHM to move intermittently and unpredictably over a 10-30s 8 interval, stopping at one of seven final positions 1-3s before PO (platform translation). During this 9 interval, the subject performs a cognitive task that requires overt visual attention to be directed at 10 a computer screen located directly ahead, at a height that requires 11 head-orientation/gaze-direction similar to that occurring during ambulatory scanning of the travel 12 path [7] . With the subject required to direct gaze at the computer screen, the final locations of the 13 handhold correspond to specific visual angles in the peripheral field (see Figure 1B) . Large foam 14 blocks, placed around the feet, prevent stepping and force reliance on reach-to-grasp reactions, 15 which are characterised using motion-analysis and EMG systems. An eye-tracker is used to 16 determine if the subject maintained fixation on the computer screen, or needed to direct gaze at 17 the handhold. For comparative purposes, subjects also perform trials where they maintain visual 18 fixation of the handhold, as it moves. 19 
OTHER POTENTIAL APPLICATIONS
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End points
Any position within range of motion Can be specified in absolute position (mm) or in equivalent visual angle (see Fig. 1B )
Allows full range of motion to be traversed in 2s; slower speeds can also be programmed. Maximum speed was limited to this value for safety. Acceleration/ deceleration 784mm/s (max) Limited to avoid sudden jerks that could provide vibrational cues (transmitted via motion-platform floor).
Loading limits *NOTE: The specifications for the HHM axis of motion and handhold features correspond to the prototype system in Figure 1 . Other configurations (including the use of multiple HHM's) may be preferred in other studies. It may also be of interest to vary handhold shape, size and/or orientation, e.g. to study the effects on the prehensile phase of the reach-to-grasp reaction. 
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